Abstract. Survivin has gained attention as a tumor-specific marker which is upregulated in a variety of neoplasms. Although the survivin protein is implicated in anti-apoptotic tumor pathways, little is known about the function of the survivin promoter. In this study, we constructed a conditionally replicative adenoviral vector (CRAd) that utilizes the survivin promoter and examined the mechanism of CRAd induced cell death in malignant glioma. Our results indicate that CRAd vectors which utilize the survivin promoter effectively replicate in glioma cells and exhibit a high oncolytic effect. The survivin-mediated CRAd appeared to induce apoptosis as measured by Annexin/7-AAD. Caspase-3 and BAX mRNAs were upregulated based on microarray data, however, Western blot analysis of infected cells showed no evidence of elevated caspase-3, BAX, or p53 protein expression. Of note, at each time point infected glioma cells showed no evidence of activated BAD or AKT. The inhibition of AKT signaling led us to examine autophagy in infected cells. Electron micrographs of virally infected glioma cells suggested autophagosomal-mediated cell death and selective blocking of beclin with siRNA prevented autophagy. These results indicate that the survivin promoter enhances viral replication and induces autophagy of infected glioma cells via a beclindependent mechanism.
Introduction
Oncolytic adenoviruses that are conditionally replicative (CRAds) in tumor cells but not in normal cells represent a novel approach for treating cancer. As an adenovirus-based cancer gene therapy approach, CRAd efficacy is dependent on vector-mediated tumor transduction. Efficient tumor transduction using CRAds is in turn dependent on augmenting the gene transfer efficacy of Ad vectors via transductional modification of the fiber protein. Moreover, CRAd replicative specificity is based on tumor-specific transcriptional control of the essential early genes required for replication. For CRAds, the adenovirus genome is genetically modified to include a promoter region with the required tumor-specific expression profile. The ideal tumor specific promoter (TSP) element would exhibit the widest differential between 'tumor on/normal tissue off' expression profiles, key to ablation of toxicity from ectopically localized CRAds. To date, however, few tumor-relevant promoter elements have been suggested or well characterized for employment in CRAds.
Our group has shown that the survivin promoter appears to be a promising tumor-specific promoter in in vivo gene therapy of human melanoma, breast cancer, cholangiocarcinoma, and malignant glioma (1) (2) (3) (4) . We have also shown the selectivity of survivin-modified adenovectors for malignant glial cells rather than normal human astrocytes (5) . Survivin belongs to the family of inhibitor of apoptosis proteins (IAPs) which were originally identified in baculoviruses (6) . Ectopic expression of survivin conveys resistance to apoptosis to a variety of stimuli and survivin is one of the most abundantly overexpressed genes in human tumors (7) (8) (9) . Expression levels correlate with tumor aggressiveness and resistance to therapy (10) . Genetic and biochemical data indicate that survivin functions in a unique cell division checkpoint that ensures the apoptotic demise of genetically unstable cells (11) (12) (13) (14) . Based on these findings, survivin has been proposed as a suitable target for therapies that can restore the apoptotic program in human tumors.
Survivin has been found to play an important role in the oncogenesis and progression of malignant brain tumors (15) (16) (17) . This is suggested by its expression pattern-positive in up to 79% of malignant brain tumors (16, 18, 19) and by the fact that patients with survivin-positive gliomas have significantly shorter overall survival times compared with patients who have survivin-negative tumors (16) . Although it has been shown that survivin-responsive conditionally replicative adenoviruses exhibit cancer specific and efficient viral replication (20) and that survivin mediated CRAds induce high efficiency of viral replication and oncolysis in malignant glioma (1) , the exact mechanism responsible for this enhanced oncolytic effect remains controversial and undetermined.
Despite the known apoptosis-modulating abilities of individual adenoviral proteins, at least one CRAd, Ad5delta24, has been shown to trigger necrosis-like cell death (21) . In contrast, in a more recent publication, an hTERT-Ad vector was shown to induce autophagic cell death in tumor cells (22) . In this study, our aim was to explore the role of the survivin promoter in CRAd mediated oncolysis of human glioma. The involvement of several main apoptotic regulators was studied, including p53, AKT, Bax, Bad, and caspase 3, and the morphological and biochemical features associated with survivin-mediated cell death were examined. We now show that the enhanced oncolytic effect seen with the survivin promoter is mediated via autophagosome-induced cell death.
Materials and methods
Cells and cell culture. The human malignant glioma cell lines: U373MG, U118MG, U87MG, A172, as well as the human lung carcinoma A549 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). No. 10 and Kings glioma cell lines were purchased from the Japanese Tumor Tissue Bank (Tokyo, Japan). The human epithelial adenocarcinoma, HeLa, was provided by Dr Tatiana Glushko (Section of Hematology/Oncology, Department of Medicine, The University of Chicago). All cell lines were maintained in a humidified 37˚C atmosphere containing 5% CO 2 and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and L-glutamine (200 μg/ml).
A human glioblastoma multiforme primary sample was obtained from a patient undergoing a craniotomy for tumor resection. The study was approved by the Institutional Review Board of the University of Chicago. The specimen obtained from patient was stored in University of Wisconsin solution at 4˚C until immediate use. To generate slice organ cultures, the tissue was serially dissected into 0.5 mm-thick slices using the Krumdieck tissue slicer (Alabama Research Development, Munford, AL). Next, the tissue was cultured in 6-well plates in RPMI medium supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 5 μg/ml insulin. Cultures were maintained at 37˚C in a humidified atmosphere supplemented with 5% CO 2 under continuous shaking.
Recombinant viruses.
All of the recombinant viruses (AdWT, CRAd-S-RGD) have been previously described (3) . Briefly, AdWT, and its isogenic control AdRGD virus having RGD motif incorporated into fiber protein, are replication competent vectors (23) . CRAd-S-RGD is a replication competent Ad5 vector carrying the short (S) form of the human survivin promoter driving an intact E1A expression cassette (Fig. 1) . Recombinant adenoviruses were selected from single plaque, expanded in A549, and then purified by double CsCl gradient ultracentrifugation (24) .
Cell killing assay. For determination of virus-mediated cytotoxicity, 5x10 4 glioma cells (A172, No. 10, U87MG and U373MG) were seeded in 24-well plates and infected with adenoviruses at indicated titers or were mock-infected for 4 h followed by replacement of infection media with growth media. The medium was replaced every 48 h during a 10 day period. To visualize cell killing, cells were fixed and stained with 1% crystal violet in 70% ethanol for 20 min followed by washing with water to remove excess dye. The plates were dried and images were captured with a Syngene image system (Frederick, MD, USA). Each experiment was repeated twice.
Real-time quantitative PCR analysis of E1A transcription. To examine the transcription of adenoviral vectors CRAd-S-RGD, AdRGD and AdWT in glioma cell lines, 0.5x10 6 cells were seeded in a 6-well plate 24 h before infection. Next day, cells were infected with adenoviruses at 10 MOI/cell or mock treated for 4 h followed by replacement with growth media. Twenty-four hours post-infection, cells were trypsinized, and cell pellets were collected by centrifugation at 1000 x g for 5 min. The RNAs from human cell lines was extracted using RNAqueous-Micro (#1931, Ambion, TX, USA). cDNA from total RNA was synthesized using Superscript II system (Invitrogen, CA, USA) according to the vendor manual. The first strain cDNA was subjected to PCR. DNA solution (1 μl) was used for cDNA synthesis with GeneAmp RNA PCR core kit (Applied Biosystems, CA, USA) and amplified by PCR. All primers were synthesized by IDT Technologies (IA, USA). Equal amounts of cDNA from each sample were amplified with E1A primers: sense-5'-AACCAGTTGCCGT GAGAGTTG; antisense 5'-CTCGTTAAGCAAGTCCT CGATACAT. Human house keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for internal control. The sequences to amplify the GAPDH gene were: sense 5'-CAACTACATGGTTTACATGTTCCAA, antisense primer 5'-GCCAGTGGACTCCACGACGT. The PCR conditions used were: 30 cycles of denaturation (94˚C, 30 sec), annealing (59˚C, 30 sec) and extension (72˚C, 30 sec). To detect E1A transcription in primary sample, slices were infected with 500 MOI/cell of CRAD-S-RGD, AdRGD, and AdWT or were mock-infected. Twenty-four or 48 h postinfection total RNA was isolated and subjected to the protocol described for glioma cell lines. Immunochemical detection of survivin, beclin and E1A protein expression. The human gliomas: U87MG, U373MG, KINGS, A172, U118MG, No. 10 and HeLa cells were grown in coverslips at 2x10 5 cell densities. The following day, the cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature. Immunochemical staining was performed using primary rabbit polyclonal serum (RB-1629-P0, Lab Vision) recognizing the human survivin protein.
For detection of beclin and E1A expression, No. 10 human glioma cells were grown in coverslips charged by poly-lysine (Sigma). Next day, the cells were transfected with 20 pMol of siRNA (BECN1, Santa Cruz Biotechnology, CA, USA) in serum-free medium at 37˚C. Two hours later, media containing the siRNA was replaced with the media containing 100 MOI/ cells of AdWT, AdRGD, or CRAd-S-RGD vectors. After 4 h of adsorption, cells were rinsed with PBS and growth media supplemented with 10%FBS was added to each coverslip. Seventy-two hours later, the coverslips were rinsed with PBS, fixed with 4% of paraformaldehyde for 30 min at room temperature, and stained with rabbit polyclonal anti-beclin (BECN1, clone H-300, Santa Cruz Biotechnology) and mouse anti-adenovirus type 5 E1A (clone M58, Lab Vision) antibodies. For the survivin and siRNA-inhibition, staining secondary antibodies were: FITC-conjugated goat anti-rabbit IgG (FI-1000, Vector Laboratories, CA, USA) and FITCconjugated goat anti-mouse IgG (FI-2020, Vector Laboratories) or Texas-red goat anti-rabbit IgG (TI-1000, Vector Laboratories). Nuclei were stained with nucleic acid stain 4,6-diamino-2-phenylindol (DAPI, Sigma). Pictures were captured using a fluorescent laser scanning microscope. To obtain merged figures, single-channel images were digitally captured and overlayed using Leica software (LAS AF, version 1.6.0. build 869; Microsystems).
Annexin V staining. Apoptosis was quantified using the Annexin V-FITC apoptosis kit (BD Biosciences, San Diego, CA) according to the instructions of the manufacturer. Briefly, 2x10 5 No. 10 glioma cells were seeded in a 6-well plate. The next day, the cells were infected with CRAds at 100 MOI per cell. After 4 h adsorption, the cells were rinsed with PBS and growth media was added. Twenty-four, 48 , and 72 h postinfection, the cells were trypsinized (Gibco-Invitrogen), pelleted by centrifugation, and prepared for the staining procedure according to vendor recommendations. Analyses were done on a FACscan (Becton Dickinson, Mountain View, CA). The data were analyzed with CellQuest software (Becton Dickinson).
Cell cycle analysis.
No. 10 human glioma cells (0.5x10 6 ) were split into 6 cm dishes 1 day before the experiments. Cells were treated with AdWT, CRAd-S-RGD, AdRGD or mock infected adenoviruses with 100 MOI/cell in a 2% media. After 4 h of viral adsorption, the cells were rinsed with PBS and fresh media was added. Cells were collected each 24 h post-infection during first three days. Samples were labeled with propidium iodide at 37˚C for 30 min and analyzed by flow cytometry. The percentage of cells in each phase of the cell cycle (G1, S-phase and G2) was determined using FloJo software.
Caspase-3 assays. No. 10 human glioma cells (0.5x10 6 cells/ well) were plated into 6-cm dishes 1 day before the experiment. The following day, these cells were treated with AdWT, CRAd-S-RGD or AdRGD at 100 MOI/cell in 2% media. After 4 h viral adsorption, the cells were rinsed with PBS and fresh media was added. Cells were collected 72 h postinfection and subjected to the Western blotting with rabbit polyclonal antibodies against caspase-3 proteins.
To examine inhibition of apoptosis, No. 10 human glioma cells (1x10 4 ) were plated into 96-well plate 1 day before the experiments. Next day cells were infected with AdWT, CRAd-S-RGD, and AdRGD at 100 MOI/cell in 2% media. After 4 h viral adsorption, the cells were rinsed with PBS and old media was replaced with growth media, containing 10% FBS and 10 μM of Z-VAD-FMK (#G7231; Promega Corp., WI, USA). After 72 h incubation cells were subjected to CytoToxOne™ homogeneous membrane integrity assay (G7891, Promega Corp.).
Assay to stain and measure acidic vesicular organelles with acridine orange. Autophagy was assessed in No. 10 cells by the quantification of acidic vesicular organelles with supravital cell staining using acridine orange, as described previously (22, 25) . Cells were grown in square coverslips 24 h before infection. Next day, cells were infected with 100 MOI of AdWT, AdRGD, and CRAd-S-RGD or were mock infected. After 4 h adsorption, unbound virus was removed and fresh portion of growth media was added. At 72 h post-infection, the cells were rinsed with PBS and stained with acridine orange (Sigma-Aldrich) for 15 min at 37˚C following a rinse with PBS and fixation with 4% of formalin. Coverslips with fixed cells were subjected to immunofluorescence analysis by Leica SP2 AOBS confocal microscopy.
No. 10 human glioma cells were grown in 6-well plates and then infected for 4 h with 100 MOI of AdWT, AdRGD, or CRAd-S-RGD or were mock-infected. The cells were detached with 0.05% trypsin-EDTA (Invitrogen) and then stained with 1.0 μg/ml acridine orange (Sigma-Aldrich) for 15 min at 37˚C. Stained cells were then analyzed by flow cytometry using the FACScan cytometer (Becton Dickinson, San Jose, CA) and CellQuest software (Becton Dickinson). Three replicates were performed for each experiment.
Microarray analysis for CRAd-induced cell death. Total RNA was isolated at 24 h after exposure of No. 10 human glioma cell lines to AdWT, CRAd-S-RGD or mock-infection by using the Qiagen RNeasy kit (Valencia, CA, USA). At least 5 μg of total RNA with Abs 260 nm/Abs 280 nm ratio between 1.6 and 2.0 for each sample was obtained. Oligo GEArray ® microarray was performed at the SuperArray Bioscience Corporation (Frederick, MD). This microarray contains oligonucleotide probes representing genes associated with a specific biological pathway. The probes are printed on a 3.8x4.8 cm nylon membrane with an advanced non-contact printing technology in rows of 8, 12, or 16 columns. A significant difference was set at a 2-fold difference in expression between mock and virus infected samples. Positive values indicate a higher expression in infected cells. The Oligo GEArray, combined with its companion labeling method, true Labeling-AMP 2.0, may be used at maximum speed and convenience when at least 1.0 mg of total RNA is available at a concentration >0.2 mg/ml for every sample. Under these conditions, the labeling method produces enough labeled RNA target in 2.5 h for Oligo GEArray analysis (at least 2.0 mg).
Electron microscopy. The No. 10 human glioma cells infected with AdWT, AdRGD, or CRAd-S-RGD cells were harvested three days after infection, washed twice with PBS, and fixed with 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer for 2 h. After washing, the cells were post-fixed with 0.1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h following rinse with maleate buffer and incubation with 1% uranil acetate. After dehydration, the cells were embedded in mixture of propylene oxide and spur resin. Ninety nanometer sections were cut by Reinchert-Jung Ultracut following staining with uranil acetate staining. Images were examined under 300 kV at FEI Tecnai G2 F30 electron microscopy (Hillsboro, OR, USA) connected to the CCD digital camera (Gatan, Warrendale, PA, USA).
Statistics. Data are presented as mean values ± standard deviation. Statistical difference was assessed with a two-tailed Student's t-test. A p-value of <0.05 was considered significant.
Results
Human gliomas express survivin. In order to determine expression of human survivin, human glioma cell lines were investigated for their relative survivin levels using fluorescence-tagged goat-antihuman survivin antibodies. HeLa cells were used as a positive control for target expression. Confocal immunofluorescence analysis allows for a precise evaluation of survivin expression levels when compared with HeLa control cells, designated as 100±8.02% intensity. As seen in Fig. 2A (16, 17) .
Survivin enhances oncolysis of malignant glioma. To examine the anti-tumor effect of CRAds which utilize the survivin promoter in the context of malignant glioma, we first performed a cell killing assay. Several human glioma cell lines were infected with AdWT, AdRGD, or CRAd-S-RGD. As shown in Fig. 3 our CRAds, we examined the E1A activity. The survivinmediated CRAd demonstrated a significant elevation of E1A expression when compared to the wild-type vector or control in both passaged (Fig. 4A) and primary (Fig. 4B ) glioma cells.
CRAd-survivin induces cell cycle arrest and apoptosis of glioma cells. Given the observation that CRAd-S-RGD demonstrated increased oncolysis, we then determined whether viral gene expression affected the cell cycle by performing propidium iodide staining of infected glioma cells at 24, 48, and 72 h after viral infection (Fig. 5A and Table I ). We utilized the No. 10 human glioma cell line in this and subsequent experiments as it is patient derived and contains a p53 mutation, which is present in the majority of human gliomas. Only CRAd-S-RGD showed an acceleration in S-phase induction. As shown, CRAd-S-RGD significantly increased the amount of cells in S-phase at 48 h post-infection: AdRGD (17%); AdWT (4.71%) and CRAd-S-RGD (39.7%). These results were also observed at 72 h: AdRGD (23%); AdWT (7.82%) and CRAd-S-RGD (40.9%). Moreover, as illustrated in Fig. 5B , apoptotic cells (Annexin V + /7AAD -) increased from 9.2% (48 h) to 32.5% (72 h) after CRAd-S-RGD treatment, whereas treatment with AdWT (5.5% at 48 h and 17% at 72 h) was comparable to AdRGD (5% at 48 h and 19% at 72 h).
Microarray analysis of CRAd-S-RGD infected tumor cells suggests upregulation of Bax.
To screen which genes are associated with CRAd-survivin induced cell death, we performed a cDNA microarray assay 24 h post-infection. Fig. 6A shows the results of hybridizations with different oligo templates. One hundred and thirty-two apoptotic and cell cycle genes were selected as differentially expressed based on variance structure. Each blot represents a sample and each square dot represents a gene. The microarray identified the differential profile of apoptotic and cell defense gene expression. In the case of CRAd-S-RGD, we saw a significant upregulation of the apoptotic protease activating factor (APAF1), BCL-2 antagonist of death (BAD), BCL-2 interacting killer apoptosis-inducing protein (BIK) and BCL-2 associated X-protein (BAX) ( Table II) .
To demonstrate whether the mRNA changes in BAX result in different levels of protein expression, we performed Western blot analysis of the same glioma cell line infected with AdWT, AdRGD and CRAd-S-RGD (Fig. 6B) . We observed no significant difference in BAX expression between cells infected with CRAd-S-RGD and AdRGD. Since BAX has been identified as p53 immediate early response gene (26) and the level of E1A activity can modulate p53 (27-29), we also examined p53 expression in treated cells. Here too, we observed no significant difference in p53 expression between cells infected with CRAd-S-RGD vs. AdRGD. Finally, since BAX dimerization can trigger the release of cytochrome c from mitochondria to cytoplasm (30) and cytochrome c is the only known activator of APAF1 (31,32), we also examined cellular fractions derived from CRAd-S-RGD, AdRGD and AdWT-treated cells. As shown in Fig. 6B , a significant increase in cytochrome c release was observed after 24 h of CRAd-S-RGD infection.
CRAd-survivin induces glioma oncolysis via a caspaseindependent mechanism. The observed increase in cytochrome c release following infection with CRAd-S-RGD
suggested the involvement of caspase-dependent cytotoxicity. In order to investigate whether CRAd-S-RGD induces apoptosis through a caspase-dependent mechanism, the effect of caspase activation was examined by Western blotting. As shown in Fig. 7A Table I . Percent of the cells distributed in cell cycle phases. 
-------------------------------------------------an MTS assay was done during infection of human glioma
No. 10 cells in absence or presence of general caspase inhibitor (Z-VAD-FMK). Treatment of these cells with this inhibitor had no effect on release of LDH (Fig. 7B) . These results suggested that CRAd-S-RGD induces cell death in a caspaseindependent manner.
Characterization of AKT and BAD protein expression.
To further investigate the possible mechanism of adenovirusinduced cytotoxicity, we performed Western blot analyses to detect the relative activities of key pro-survival and proapoptotic cellular proteins. This is important considering that the ratio of anti-apoptotic to pro-apoptotic protein forms is a major factor in determining whether a cell commits to programmed cell death. For instance, in a number of cell types, activated (phospohorylated) AKT stimulates the amplification of pro-survival signals by phosphorylating BAD, sequestering it in the cytoplasm and thus preventing its translocation to the mitochondria (33). To ascertain the relative protein activities in response to adenovirus-infected cells, we measured the protein levels as well as phosphorylation states of AKT and Bad. As seen in Fig. 8 , Western blot data showed upregulation of pro-apoptotic proteins such as non-phosphorylated BAD in AdRGD-and CRAd-S-RGD-infected cells detected at 72 h post-infection. The nonphosphorylated AKT protein was present in much higher levels than phosphorylated AKT in No. 10 cells treated with AdRGD and CRAd-S-RGD at 48 and 72 h post-infection. Of note, at each time point CRAd-S-RGD treated cells showed a slight signal for phosphorylated BAD and AKT. These results suggest that CRAd-S-RGD-induced glioma cell toxicity is independent of an AKT-associated apoptotic pathway. JNK activated protein (JKK) was not observed (not shown) in CRAd-S-RGD-or AdRGD-infected cells after 48 or 72 h post-infection. These results indicate that CRAd-S-RGD as well as AdRGD induces inactivation of AKT and BAD. binding, negative regulation of cell cycle, apoptosis, mitochondrion, transcription factor activity, Zinc ion binding, DNA damage response, signal transduction resulting in induction of apoptosis, cell cycle arrest, nucleolus, cell cycle checkpoint, DNA strand annealing activity, copper ion binding, nuclease activity, DNA recombination, base-excision repair, caspase activation via cytochrome c, negative regulation of cell growth, nucleotide-excision repair, regulation of mitochondrial membrane permeability, protein tetramerization, activity negative regulation of helicase activity
-----------------------------------------------------------------------------------------------------
Agent/fold ------------------- No. Symbol Genbank Description AdWT CRAd-S-RGD -
----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
Induction of autophagy-specific vesicular organelles in CRAd-S-RGD treated cells. AKT signaling has previously been shown to be involved in the induction of autophagy in colon cancer (34) as well as malignant glioma cells (35).
Since we did not observe a clear induction of apoptosis in response to CRAd-S-RGD infection, we sought to determine whether CRAd-S-RGD infection resulted in autophagic cell death. To do so, we infected No. 10 human glioma cells with AdWT, AdRGD, or CRAd-S-RGD at 100 MOI/cell. After 72 h of incubation, infected cells were examined by electron microscopy. As shown in Fig. 9A , autophagic vacuoles (Acidic Vasicular Organelles, AVOs) were observed in CRAD-S-RGD infected cells, while no similar detection was observed in AdWT-, AdRGD-, or mock-infected cells. Furthermore, to identify the development of AVOs, glioma cells treated with AdWT, AdRGD, or CRAd-S-RGD vectors were analyzed by confocal fluorescent microcopy. At days 1 and 2, CRAd-S-RGD-treated cells appeared similar to mock-infected cells and did not exhibit AVO formation. The significant data were observed at 3 days post-infection when we observed numerous membrane-bound vacuoles characteristic of autophagosomes that were not present in mock-infected cells (Fig. 9B) . To further confirm the presence of autophagosomes in CRAd-S-RGD-infected cells, we performed flow cytometric analysis of acridine orange stained cells. As shown in Fig. 9C , CRAd-S-RGD treatment increased the amount of fluorescent cells at day 1 from 5.73 to 18.2% at day 3.
Treatment of glioma cells with beclin siRNA inhibits cellular autophagy. To determine whether a beclin protein plays a role in viral induced autophagy, we blocked expression of beclin using specific siRNA. Two hours after transfection, targets with this siRNA were transduced with AdWT, AdRGD, or CRAd-S-RGD vectors and then 72 h later, we measured inhibition of autophagosome development by acridine orange staining. As seen in Fig. 10A , transfection of No. 10 cells with beclin siRNA followed by viral infection led to a decrease of AO staining in both samples, especially in CRAd-S-RGD treated cells (3-fold over mock transfected). To visualize inhibition of viral expression, we performed immunofluorescence analyses of cells infected with competent vectors and pretreated with mock or beclin siRNA. As seen in Fig. 10B , both antigens (viral E1A and cellular beclin) were dramatically reduced, but not entirely eliminated in the cells infected with AdWT, AdRGD, or CRAd-S-RGD. The most significant inhibition of E1A expression was observed in samples transfected with BECN siRNA and then transduced with CRAd-S-RGD vector.
Discussion
One of the most significant features of survivin is the differential expression of this protein in cancer vs. normal tissues. While dramatic overexpression of survivin has been demonstrated in a variety of solid malignancies (7) (8) (9) , its levels are undetectable in most terminally differentiated normal tissues (6) . Despite its role in mitosis, the overexpression of survivin in tumors does not simply reflect the presence of a higher number of proliferating cells. As documented by immunohistochemical analysis of breast cancer xenografts, the expression of survivin in cancer is independent of cell proliferation and unrelated to the mitotic index (36) . These data suggest that survivin gene expression is globally de-regulated in cancer with uniformally increased survivin expression in all cell cycle phases. For cancer gene therapy, CRAd replicative specificity is based on tumor-specific transcriptional control of the essential early genes required for replication. The ideal tumor specific promoter (TSP) element would exhibit the widest differential between 'tumor on/normal tissue off' expression profiles, key to ablation of toxicity from ectopically localized CRAds. To date, however, few glioma-relevant promoter elements have been suggested and well characterized for employment in CRAds. We have previously shown that the survivin promoter is upregulated in brain tumors (2, 3) and that the human survivin promoter represents a novel transcriptional targeting strategy in malignant glioma (1) . Consequently, in the present investigation, we utilized the survivin promoter to drive the expression of an oncolytic adenovirus and analyzed the mechanism of viral induced cell killing in the setting of malignant glioma.
As shown by our results, CRAd-S-RGD effectively killed a number of malignant glioma cell lines in vitro. The virus accelerated S-phase induction (40.9%) when compared to AdRGD (23%) and AdWT (7.82%) viruses. This finding is consistent with previously published literature where human cells where shown to arrest in S-phase in response to adenovirus 12 E1A (37). Moreover, when compared with either wild-type or isogenic control AdRGD vectors, CRAd-S-RGD appeared to induce cellular apoptosis. Our microarray data showed upregulation of key genes involved in the apoptotic pathway. However, when we examined protein expression by Western blot analysis, we observed only an increase in cytochrome c release without an increase in caspase expression. Collectively, these data demonstrate that enhanced oncolysis, as mediated via survivin, promotes cellular death via a caspase-independent mechanism. 
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The mechanism by which the survivin promoter acts in tumor cells is still unknown. Results from previous reports and this study support the hypothesis that the PI3K-AKT pathway is a signaling cascade that is affected by the replication and translation of adenoviral early genes. The PI3K/AKT/mTOR pathway is considered to be a central regulatory pathway of protein translation during cell proliferation, growth, differentiation, and survival (38, 39) . The dysregulation of the mTOR signaling pathway, presented in many type of tumors including gliomas (40) (41) (42) (43) , may represent a signaling schema that responds to virus infection in a proapoptotic manner through the integration of many different signals (22, 44) . Upon activation, mTOR phosphorylates its downstream targets, such as p70S6K, promoting cell survival through phosphorylation (inactivation) of the proapoptotic protein BAD (45) . As has been previously shown in tumor cells, AKT expression is upregulated in concert with cyclin D expression (46) (47) (48) confirming the important role of AKT regulation in the cell cycle (49, 50) .
In this study, we provide evidence that activation of AKT expression depends on the level of E1A expression mediated by incorporation of a tumor specific promoter into viral genome. We observed significant levels of AKT expression which were proportional to the levels of E1A expression. Nevertheless, the level of active or phosphorylated AKT was very low, and E1A-mediated sensitization to apoptosis is dependent on the inactivation of AKT (46) . As expected, the mode of survivin enhanced glioma virotherapy seems very complex. In this particular study, adenovirus stimulates a preponderance of AKT in its non-phosphorylated state, but does not stimulate phosphorylation of the p70s6 protein (data not shown). Non-phosphorylated AKT levels, detected during 
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CRAd infection, suggest the contribution of other targets downstream of the AKT kinase cascade, such as ASK1 or MEKK3 and possibly others involved in regulation of pro-or anti-apoptotic signals (46, 51) . For instance, E1A mediates upregulation of BAD and BAX as proapoptotic proteins; but at the same time, we detected upregulation of certain antiapoptotic genes via microarray (i.e. BCL2). Apparently, one of the key elements of these cascades could be the p53 protein.
The presence of wild-type endogenous p53 in human gliomas could regulate an oncolytic effect following infection with different CRAds. In our study, we observe a significant difference in the killing effect mediated by CRAd-S-RGD in U373MG and U87MG, two cell lines which exhibit differential p53 genotypic profiles (52, 53) . Mirza and colleagues have shown that wild-type p53 represses survivin expression at both mRNA and protein levels (54) . Transient transfection analyses revealed that the expression of wild-type p53, but not mutant p53, was associated with strong repression of the survivin promoter in various cell types. The overexpression of exogenous survivin protein was shown to rescue cells from p53-induced apoptosis in a dose-dependent manner, suggesting that loss of survivin mediates, at least in part, the p53-dependent apoptotic pathway. In spite of the presence of two putative p53-binding sites in the survivin promoter, deletion and mutation analyses suggested that neither site is required for transcriptional repression of survivin expression. This was confirmed by chromatin immunoprecipitation assays. Further analyses suggested that the modification of chromatin within the survivin promoter could be a molecular explanation for silencing of survivin gene transcription by p53. This interaction between survivin and p53 has particular implication in neurooncology, where the majority of tumors, including the No. 10 glioma tested in this study, have been shown to exhibit p53 mutations (55) (56) (57) (58) .
In addition to p53, the other most common genetically mutated pathway in human gliomas is the RB/E2F pathway (59) (60) (61) (62) (63) (64) . Both p53 and RB/E2F pathways, when intact, provide essential checkpoints in the maintenance of normal cell growth and protect the cell from DNA damage. Using nontransformed embryonic fibroblasts, Jiang et al have shown evidence of a molecular link between the regulation of survivin transcription and the RB/E2F family of proteins (65) . The authors demonstrated that both pRB and p130 can interact with the survivin promoter and can repress survivin transcription. They also showed that the E2F activators (E2F1, E2F2, and E2F3) can bind to the survivin promoter and induce survivin transcription. Genetically modified cells that harbor deletions in various members of the RB/E2F family confirm the data from the wild-type cells. These findings implicate several members of the RB/E2F pathway in an intricate mechanism of survivin gene regulation that, when genetically altered during the process of tumorigenesis, may function within cancer cells to aberrantly alter survivin levels and enhance tumor progression. Consequently, since only intact p53 or RB/E2F, but not mutant, are associated with repression of the survivin promoter, its high level of expression in malignant brain tumors represents an attractive promoter target for use in oncolytic virotherapy.
The other interesting observation recently came from experiments conducted by Li et al (66) . This study showed that adenovirus-driven E1A expression does not lead to the activation of caspase-3 pathways. Moreover, blocking infection with ZVAD-FMK did not change the level of caspase activation. In our study, we confirm this evidence by using LDH analysis of Z-VAD-FMK blocking/unblocking CRAdinfected cells after 72 h of infection. These studies suggest that perhaps apoptosis is not a terminal stage of virus-induced toxicity and, in fact, it is highly possible that autophagy is a cellular process which can lead to the terminal stages of mitochondrial proapoptotic pathways such as caspase-3 activation. For instance, E4ORF4 was shown to induce DNA laddering and chromatic condensation in Chinese Hamster Ovary cells, but not procaspase-3 processing (67); whereas in other cell lines, caspase activation was found to occur (68) . Thus, given the available evidence, Ads induce cells to die via multiple pathways including some that generate classical apoptosis features; however, the exact process differs with the cell type because with each cell type the signaling schemas in place differ such that different responses to adenoviral infection could result in similar death pathways. It seems plausible that exactly which mechanism of cell death is utilized by the virus, and also which viral proteins are involved, is in place because of evolutionary pressures which drove the generation of vectors that display broad infectivity profiles, allowing the virus to kill cells which represent a variety of tissue types and molecular signaling pathways.
